Introduction
Surface glycoproteins play a crucial role in m any specific cellular recognition systems [1 -6 ] . In the case o f plant host-parasite interactions glycoproteins have been dem onstrated to represent im p o rta n t regulatory molecules, nam ely by eliciting [7] or suppressing phytoalexin production [8 ] or acting as protectants against infections [9] .
Phytophthora megasperma f. sp. glycinea (form erly P. m. var. sojae) is the causal agent o f root and stem rot of soybeans. At least nine races and several differential host plant cultivars have been described. This host-parasite system is unique in th a t m ost o f the presently discussed biochem ical m echanism s (regarding glycoproteins) involved in host-parasite interactions have been dem onstrated or claim ed, i.e. unspecific elicitation o f phytoalexin prod u ctio n [ 1 0 ], specific elicitors [7] , and specific suppressors [8 ] o f phytoalexin production, race-specific protectants against infections [9, 11] endogenous elicitors [12, 13] , and race-specific extracellular glycoproteins [8 , 14, 15] , M any fungi are know n to synthesize and secrete extracellular glycoproteins and glycoenzym es [16] . The biochem ical m echanism of glycoprotein b io synthesis is well-know n and has been w orked out in num erous biological systems, including fungi [17] . Mycelial cell walls o f Phytophthora sp. contain approxim ately 6 % protein, 3% m annose, and less than 1% hexosam ine [10] . A lthough glycoproteins may represent im p o rtan t factors in P m g-soybean interactions, biosynthesis o f relevant glycoproteins has not yet been studied. It is the aim o f this rep o rt to dem onstrate the biosynthetic pathw ay leading to glycoproteins in different races o f Pmg. 
Materials and Methods

Materials
Culture o f Phytophthora megasperma f sp. glycinea
Stock cultures o f races 1 , 2, and 3 (kindly supplied by Dr. E. Ziegler, Biol. Ill, R W T H A achen, F R G ), were m aintained on V-8 ju ic e agar plates at room tem perature. A cork borer was used to o b ta in culture discs for inoculation (every 4 wk). P re cultures were grown in 1 1 flasks containing 300 ml o f sucrose-asparagine m edium [18] by ino cu latio n with culture discs. Interm ittently, liq u id cultures were vigorously swirled by hand. C ultu res w ere grown in petri plates ( 2 0 cm in diam eter) containing 150 ml of sucrose-asparagine m edium . In oculation was perform ed by adding 5 ml o f m echanically disrupted preculture m ycelium (O m nim ix, Sorvall, 5 s). Cultures were grown for 8 days at 28 °C w ith interm ittent shaking by hand. 
Microsomal membrane preparation
Glycosyl transferase assays
The well-established m ethods for the yeast system were used throughout this study, i.e. m annosyltransfer from G D P -[14C ]m annose (0.1 jj.Ci) into glycoprotein and lipid [19] , m annosyltransfer from D ol-P-[l4C]mannose into polym er [19] 
Other procedures
Pronase digestion [24] , ^-elim in atio n [24] , and endo-N -acetylglucosam inidase H trea tm e n t [23] were perform ed as described. L ipid hydrolysis was conducted as in [20] . A ntibiotics, i.e. tu n icam y cin [22] and dium ycin [25] w ere assayed by p u b lish ed procedures.
Thin layer chrom atography was p erfo rm ed on Silica gel G plates (M erck) in ch lo ro fo rm -m eth an o lw ater = 6 5 : Protein was m easured according to Lowry et al. [26] , Radioactivity was m easured by liq u id sc in tilla tion counting in a dioxane cocktail or by ra d io scanning o f p aper chrom atogram s and th in lay er plates.
Results
Mannosyltransfer from GDP-[I4C]mannose
M icrosomal preparations from Pmg in c o rp o rate radioactivity from G D P -[14C ]m annose into m e th a nol-insoluble polym er and into a c h lo ro fo rm /m e th anol-soluble lipid fraction. T he la tte r's synthesis precedes polym er form ation ( Fig. 1) and is rap id ly saturated at low levels o f radioactivity in co rp o rated . These properties o f the lipid fraction in d icate th a t it m ight be an interm ediate in polym er biosynthesis as previously dem onstrated in yeast [27] , Incorporation o f m annose into polym er is lin e ar with tim e (up to 10 min, 100 (ig o f protein, Fig. 1 As com pared w ith the yeast system [27] the Pmg microsomal system is m uch less active. T his m ight be explained by the extrem ely low am ount o f glyco proteins present in the oom ycete cell wall as com pared to yeast (T able I).
Incorporation o f radioactivity into polym er and lipid is dependent on the age o f the fungal m ycelial culture (data not shown). A linear increase o f incorporation into both fractions can be observed after 8 to 1 0 days growth; w ithin th at p erio d the fungal m ycelia show lo g arith m ic radial grow th. A slight increase in in co rp o ratio n can be achieved by storing m icrosom al p rep a ra tio n s at -20 °C for 24 h.
On the basis o f gross in co rp o ratio n o f rad io activ e m annose into lipid and p olym er no significant differences are observed am ong m em b ran e p re p a ra tions from three different races o f Pmg (T able II).
Characterization o f [,4C]mannose-labelled polymer
D uring all incubations a h igh background " in corporation" o f radioactivity into polym er is o b served which is p robably d u e to non specific a d sorption of labelled substrate to endogenous (glucan?) acceptors. T herefore, all results were corrected by the respective control values.
In order to characterize the polym er fraction synthesized, the labelled m aterial was p u rified by boiling in SDS (7%, 30 m in, 10 mM N aP j, pH 7.0), chrom atography (Sephadex G 25, 7% S D S /H 2 0 ) , dialysis, and lyophilization.
in Biosynthesis in Phytophthora m egasperm a f. sp. glycinea U pon treatm ent o f the resulting m a terial w ith 0.1 n N aO H for 24 h at room te m p eratu re , w hich is fairly specific for cleavage o f O -glycosidic linkages between sugars and se rin e/th reo n in e, 7.5% o f the total radioactivity is released as sm all m o lecu lar weight m aterial (Pm g 2), w hereas 16.7% is released from Pmg 1. At this low level, this difference p ro b ably lies w ithin the experim ental erro r range. Upon paper chrom atography, /^-elim inated material in both cases appears to m igrate as a series of oligosaccharides, presum ably com prising m annoses as sugar com ponents (Fig. 3) . T his situ atio n would be identical to other fungal system s w here O-glycosidically bound m annose and oligom annoses are well-known com ponents o f m em b ran e-b o u n d glycoproteins [19, 24, 28] .
Upon treatm ent of the purified polym eric m a teria l of any race w ith pronase, 87 to 90% o f the total radioactivity is liberated as low m olecular w eight glycopeptides. This indicates th at, w ith all th ree races, glycoprotein m aterial is synthesized w hen G D P-[14C]mannose is used as sugar donor. A p p ro x i mately one half o f the [14C ]labelled glyco p ep tid e fraction is bound to Sepharose-C onA and can be eluted with 50 mM a-m ethylglucoside.
Upon treatm ent o f [14C ]m annose-labelled poly m er with endo-N -acetylglucosam inidase H m ost o f the radioactive m aterial appears, upon ch ro m a to g rap h y (Bio-Gel P30), as two or three m ore or less well separated distinct oligosaccharides. T his m aterial has not been characterized further. S ignificant differences betw een the three Pm g races w ere not observed. Nevertheless, these results clearly show that most o f the radioactivity in co rp o rated from G D P -[14C]mannose may be bound to p ro tein via asparagine-chitobiose linkages. (Table III) , strong stim ulation only o f the larger peak is evident. The stim ulation is dep en d en t upon tim e and am ount o f added Dol-P. Interestingly, addition of non-radioactive G D P -m annose leads to a drastic decrease in this peak indicating th at this m aterial shows a high m annosyltransfer p otential as expected for its function as a lipid interm ediate.
Characterization o f [14C]mannose-labelled lipid
As in the yeast system [27] , ad d itio n o f G D P to the reaction m ixture causes a rap id drop in the radioactivity o f the lipid fraction and the form atio n of G D P-[14C]m annose, indicating th at the reaction is reversible (Fig. 5) . This is evidence for the p re sence o f a phosphodiester link in this lipid m aterial.
D ium ycin is known to inhibit D ol-P -m an syn thesis in m icrosom al preparations o f yeast [25] , and sim ilar results were o btained w ith Pmg m em b ran e preparations. A 8 6 % inhibition was observed w ith a dium ycin concentration o f 80 p g/m l (T able III).
Mannosyltransfer from Dol-P-[,4C] mannose
In the yeast system, D ol-P-m annose is a poten t donor of mannosyl residues incorporated into serin e/ threonine positions o f endogenous protein acceptors [19, 24] , N egligible rad io activ ity was tran sferred from previously p rep ared yeast D o l-P -[14C ]m annose [24] into the polym er fraction by Pmg m icrosom es. After pre-incubation w ith n o n -rad io activ e U D PGlcNAc and G D P -M an significant in co rp o ratio n o f radioactivity occurs (Fig. 6 ). G D P again fully time (min) reverses the reaction. Because o f the sm all am o u n t o f m aterial, it was not possible to characterize the m aterial synthesized further. (Fig. 7) . As w ith G D Pmannose, lipid form ation precedes polym er syn thesis and is saturated at low levels o f radioactivity incorporated. Lipid and polym er form atio n is dependent on protein concentration (Fig. 7) and requires divalent cations as cofactors, M g2+ being more active in glycolipid form ation th an M n2+. However, M n2+ is obligatory for [14C ]polym er syn thesis (data not shown).
Glycosyltransfer from UDP-N-acetyl-[I4C/glucosam ine
M icrosomal preparations from Pmg incorporate radioactivity into lipophilic as well as m ethanolinsoluble m aterial upon incubation w ith U D P -Nacetyl-[14C]glucosam ine
In order to obtain significant in co rp o ratio n o f radioactivity into both fractions the protein con centration used in the incubation m ixtures has to be considerably higher (approxim ately by a factor o f ten) as com pared to incorporation from G D P -
Again, levels of gross incorporation do not d iffer significantly am ong the three different races o f Pmg (data not shown). Peaks II and III w ere eluted from the plates and hydrolyzed with 1 n HC1 (50% p ro p a n e -l-o l/H 20 , 15 min, 50 °C) yielding N -acetylglucosam ine and di-N -acetyl-chitobiose, respectively, as detected by paper chrom atography. Alkaline d eco m p o sitio n (10% N H 40 H /H 20 , 1 h, 100 °C) resulted in con version o f lipid-bound radioactivity into m aterial which migrated on p aper at expected R ( correspond ing to sugar phosphates (data not shown).
Characterization o f N-acetyl-[,4C]glucosamine-labelled lipid
The situation is sim ilar to that described for the yeast system [2 0 ] although m uch less lipid m aterial is labelled endogenously when Pm g m icrosom al preparations are used.
Formation o f lipid-bound di-N-acetylchitobiose and mannosyl-di-N-acetylchitobiose
W ith U PD -[14C]G1cNAc, using endogenous lip id acceptors, labelled m aterial can be recovered, cor responding to peak I in Fig. 8 , panel A. Exogenous (yeast) Dol-P results in recovery o f labelled D ol-PP-G lcN A c (com pare Fig. 8 , panel B) . T unicam ycin is known to specifically block the glycosyl tran sfer from U D P-G lcN A c to D ol-P thus in h ib itin g the form ation of D ol-PP-G lcN A c [22] , As expected, tunicam ycin effectively inhibited the fo rm atio n o f both peaks II and III (Table V) ( Table V) . As can be seen, peak III is form ed, and the reaction is completely insensitive to tunicam ycin. G D P-m annose is known to act as glycosyldonor during the form ation o f lipid -b o u n d trisacch arid e [22] , When previously prepared (yeast) D ol-PP -[14C]-(G lcN A c) 2 was incubated w ith unlabelled G D Pmannose, a new lipid was form ed w hich ran on th in layer as expected for D ol-P P -(G lcN A c)2M an (Table V) . Its synthesis was insensitive to tunicamicyn. Furtherm ore, dium ycin did not interfere with lipid-trisaccharide synthesis. T herefore, D ol-PMan does not seem to act as m annosyldonor in this reaction. 
Lipid-bound oligosaccharides
Discussion
W ithin m any host-pathogen systems, for each gene that confers resistance to the host plan t th ere exists a corresponding gene in the fungal path o g en that governs avirulence (gene-for-gene host p ara site systems). A lbersheim and A nderson-P routy [29] hypothesized that the avirulence genes o f a genefor-gene pathogen are m anifested at the cell surface.
Furtherm ore, the products o f the avirulence genes o f fungal pathogens w ere suggested to be glycosyltransferases active d u ring the synthesis o f com plex carbohydrates o f fungal cell surfaces or secreted glycoproteins [30] .
Glycoconjugates are o f great im p o rtan ce w ithin many plant-pathogen interactions (for a review, see [31] ). G lycoproteins secreted by Pm g have been reported to represent the specificity factors go v ern ing avirulence in the Pm g-soybean system [9] , Pmg surface glycoproteins have been claim ed to be race specific phytoalexin elicitors [7] , and Pmg ex tra cellular m annan-glycoproteins w ere described as specific suppressors o f phytoalexin accu m u latio n in infected soybean cotyledons [8 ] .
Polysaccharide-protein com plexes p ro b ab ly occur in all fungal walls [32] . A m ong the various fungal glycoproteins, m annoproteins have b een stu d ied in some detail, b ut biosynthetic w ork m ainly refers to Saccharomyces sp. O ther fungal systems investigated com prise Hansenula sp., Kluyveromyces lactis, Cryp tococcus laurentii, Aspergillus sp., Penicillium sp., Neurospora crassa, Fusarium so lan i f. p i si, and Candida albicans (for a review, see [28] ).
Although it has not been d em o n strated in the present investigations th a t the glycoprotein m aterial synthesized in vitro is identical to any o f the distinct Pmg glycoproteins described in the literatu re it is assum ed that they are synthesized via the very sam e steps as dem onstrated in vitro, if they belong to the same structural type. T his has been d em o n strated e.g. in the case o f yeast in vitro glycoprotein b io synthesis and form ation o f yeast external invertase [28, 33, 34] [19, 24, 28] . In this system, m annose is effectively in corporated into /?-elim inable positions [19, 24] . At least from G D P-m annose, also Pm g m icrosom es incorporate m annose into O -glycosidically linked mannose (presum ably via endogenous D ol-P ) and m anno-oligosaccharides. O -m annosylation has been dem onstrated besides in Saccharomyces cerevisiae also in other fungi like Hansenula, Aspergillus, Penicillium, Neurospora, and Fusarium [28] . T he specific site o f m annose incorporation from D ol-P -m anno se by Pmg microsomes could not be d em o n strated . Nevertheless, the pre-incubation ex p erim en t w ith unlabelled U D P-G lcN A c and G D P -M an d e m o n strates that D ol-P-M an m ight also serve as m annosyl donor during the lipid-oligosaccharide assem bly (Fig. 6 ). W ith G D P -M an as glycosyl d o n o r only approxim ately 1 0 % of the total rad io activ ity in the glycoprotein part is incorporated as m annose and short manno-oligosaccharides O -glycosidically linked to serine/threonine. M ost o f it seem s to be located within the asparagine-linked carbohydrate p art since it can be liberated as a large o ligosaccharide after treatm ent with endo H (enzym e w hich specifically cleaves glycosidic bonds betw een two G lcN A c residues linked to asparagine).
The exact chem ical n ature o f the lipid involved in the transfer reactions has not been clarified. F rom its chrom atographic characteristics (as glycosylated lipid-phosphates), its b eh av io u r upon hydrolysis, the stim ulation experim ents w ith yeast dolichol derivatives, and experim ents w ith antibiotics (diumycin, tunicam ycin) it seems clear that the lipid part o f the Pmg glycosylation interm ediates is o f the dolichol type. The endogenous lipid acceptor in yeast has been identified as dolichy lm o n o p h o sp h ate (14 to 18 isoprene units, [36] ).
An im portant question concerning glycoprotein biosynthesis in Pmg relates to specific p attern s in Pmg glycoproteins o f different races. Besides sm all differences in /?-elim inable radioactivity after glyco sylation w ith G D P-m annose no race-specific syn thetic capabilities could be observed. As expected because o f the gross m ethods used no such d iffe r ence could be detected. As is known from o th er (non-pathogenic) systems, e.g. yeast [37] , speciesspecific determ inants often reside in m an n an portions of glycoproteins w hich differ slightly (by less than 5% o f the m olecule) in the glycosyl linkage an d /o r sugar com position.
D etailed analysis o f N-and O -linked glycosides could well lead to the discovery o f structural d iffe r ences as shown for surface " b u lk " m annoproteins as well as external invertases from yeast m u tan ts [34, 37, 38] , and for m ycelial and extracellular invertases from different Pmg races [8 , 14, 15] , respectively. If structural variations w ithin glyco protein m olecules are responsible for Pm g race specificity a detailed analytical study o f lip id -b o u n d interm ediates and o f carb o h y d rate parts w ithin in v//ro-synthesized glycoproteins could be a v alu able tool to detect these determ inants.
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